1.. Introduction {#sec1}
================

Alzheimer's disease (AD) is a degenerative and progressive clinical condition that results in damage to memory, thinking and behavior \[[@r1]\], described in 1906 by the German psychiatrist Alois Alzheimer \[[@r2]\]. Recent reports have shown that around 44 million people worldwide have AD or related dementia nowadays \[[@r3]\]. This disease usually results in speaking difficulty, inability to solve problems and alterations in other cognitive functions, which can directly affect the individual\'s ability to perform everyday activities \[[@r3]\], affecting the brain in a global manner \[[@r4]\].

AD is a neurological disorder related to damages on some nerve cells of the brain involved in cognitive functions \[[@r5]\]. In fact, the brain of a patient with AD shows a severe cortical atrophy in the temporal lobe, especially in the cortex and hippocampal formation. In addition, brain volume is widely reduced due to neuronal degeneration, which results in a substantial loss of synapses \[[@r6], [@r7]\].

The main pathological features of AD are the aggregations of amyloid-beta (Aβ) and tau proteins. Amyloid β is produced from the amyloid precursor protein (APP) by the sequential action of two β-proteins and secretases. The breakdown of the β-secretase product by the y-secretase produces the toxic Aβ42 and the non-toxic Aβ40. Tau is a protein that acts structuring and stabilizing the microtubules, whose ability to bind them is dependent on the number of phosphorylations present. The greater the extent of phosphorylation the more compromised its interaction with the microtubules becomes \[[@r8]\].

The production of reactive oxygen species (ROS) also seems to be involved in the AD's degeneration cycle, thereby causing damage to mitochondrial DNA and to its electron transport chain \[[@r9]\]. The damage caused by free radicals occurs through an imbalance between their production and their neutralization by the cellular antioxidant systems \[[@r10], [@r11]\]. It has been suggested that ROS play an important role in the age-related neurodegeneration process and cognitive decline \[[@r12]\].

Recent advances in understanding the pathophysiological mechanisms of AD have led to new strategies in drug development. Animal models have contributed considerably to these advances as they play an important role in the evaluation of potential drug candidates that can alleviate the dementia and also delay the disease process \[[@r13]\].

The interest in natural products has increased significantly, resulting in the growing use of herbal medicines \[[@r14]\]. In a recent review, Izzo *et al*. (2016) report a 6.8% increase in sales of herbal products and dietary supplements in the United Sates in 2014, with an estimation of more than U\$ 6.4 billion in total sales \[[@r15]\].

Some herbal medicines have shown neuroprotective effects, since plants have numerous bioactive molecules that can improve the body's resistance to cell stress and prevent the cytotoxicity of various agents. Among them, polyphenols such as curcumin, resveratrol (non-flavonoids) and flavonoids, which receive much attention for their ability to reduce cell stress \[[@r16], [@r17]\], may be mentioned. These polyphenols inhibit toxin-mediated stress responses through their anti-inflammatory and antioxidant properties, as well as induce the expression of cytoprotective proteins \[[@r18]-[@r20]\].

Curcuma, for instance, contains high concentrations of polyphenols and flavonoids \[[@r21]\]. Its biosynthetic pathway begins with phenylalanine, which is a common precursor in the biosynthesis of flavonoids \[[@r22], [@r23]\]. Flavonoids are essential compounds for the development of clinically effective therapeutic agents in the treatment of neurodegenerative diseases, since their regular consumption has been associated with a reduced risk, since in addition to their antioxidant properties, these polyphenolic compounds exhibit neuroprotective properties through interaction with the cellular signaling pathways followed by transcription and translation that mediate cellular function under normal and pathological conditions \[[@r24]\].

Curcumin is the main polyphenol found in the turmeric curry (*Curcuma longa*), belonging to the Zingiberaceae family and being native to South Asia and grown in the tropics \[[@r25]\]. It has been reported that this compound has properties that can prevent or ameliorate pathological processes related to neurodegenerative diseases such as cognitive decline, mood disorders and dementia \[[@r26]\]. In addition, curcumin has been investigated in experimental models for Parkinson's disease and has shown promising results \[[@r27]\].

Saffron components have been associated with biological properties such as anti-inflammatory, anti-proliferative, pro-apoptotic, antioxidant, antiviral, anti-amyloidogenic and anti-diabetic \[[@r28], [@r29]\]. Its most bioactive constituents are curcuminoids, including curcumin and derivatives such as demethoxycurcumin and bisdemethoxycurcumin \[[@r30], [@r31]\]. Saffron has shown potential to be used in the treatment of several chronic diseases \[[@r32]\].

The properties attributed to curcumin, such as inhibition of amyloid pathology, protection against oxidative stress and inflammation, inhibition of amyloid beta plaques aggregation and hyperphosphorylation of tau protein, suggest that this polyphenol may prevent or ameliorate pathological processes related to cognitive decline and age-related dementia, as occurs with AD patients \[[@r33], [@r34]\].

Current therapies for AD offer only limited benefits to its clinical symptoms and they do not prevent the degeneration of neuronal cells. Thus, many therapeutic strategies for delaying or preventing neurodegeneration have been the subject of research towards the optimal treatment for AD. Due to the aforementioned properties of curcumin, this current study is focused on the beneficial effects of curcumin on experimental models of AD. In light of this, the aim of this study is to systematically review the use of curcumin in *in vivo* and *in vitro* models for AD and thus understand its role in the behavioral and cellular protection activities.

2.. Materials and Methods {#sec2}
=========================

2.1.. Databases and Keywords {#sec2.1}
----------------------------

The present study comprises a systematic review of the literature, developed based on previously established stages of search, identification, selection and eligibility strategies. A review was performed through Science Direct, United States National Library of Medicine (PubMed), Cochrane Library and Scielo databases. The search in the databases was carried from 2006 and 2017 using the terminologies registered in the Descriptors in Sciences of Health (DeCS) created by the Virtual Health Library (VHL). In order to identify all articles that studied the effects of curcumin supplementation in experimental models of Alzheimer's disease, the following descriptors were used: "*Curcuma longa*", "Curcumin" and "Alzheimer's disease". Initial screening of the studies was based on the title and the abstract of the articles, and soon thereafter, the publication was reviewed in its entirety.

2.2.. Eligibility/Exclusion Criteria {#sec2.2}
------------------------------------

We included articles that evaluated the effects of curcumin in *in vivo* and *in vitro* Alzheimer's disease models, where they studied the neuroprotective and symptoms relief properties of curcumin through behavioral and cell/tissue analyzes. The following exclusion criteria were considered: 1) Review articles; 2) Books; 3) Studies conducted with curcumin associated with other herbal supplementation; 4) Experimental models other than small rodents (rats and mice) or cell culture; 5) Absence of a control group.

The search for studies was carried out independently by two expert reviewers in the context discussed, through the titles, abstracts or both, solving discrepancies through a subsequent consensus meeting. Initially the terms were used separately, and then searched together. In the selection there was a restriction of languages, since only articles published in English were analyzed. Screening of the studies was done on the basis of the title and the abstract and soon after publication was reviewed in full and compared.

The eligibility criteria for inclusion in this systematic review were as follows: 1) All articles should be indexed and published in renowned journals with considerable impact factors; 2) All models used in the studies should present the clinical signs or symptoms related to AD; 3) Animal models should use amyloid beta or knockout animals models to induce neural injury; 4) Animals should be treated with curcumin; 5) *In vivo* studies should be performed for at least 7 days of treatment with curcumin and with a minimum of 3 experimental groups; 6) Control group had to be comparable to the group supplemented with curcumin; 7) The *in vitro* models should use either rat or mouse cells or human lineage cells.

Statistical grouping was not considered in this review due to methodological heterogeneities among the studies as there were lots of variation regarding the evaluation methods, the type of cell lines and the phytotherapeutic doses. Therefore, the meta-analyzes could not be performed on the data assessed.

3.. Results {#sec3}
===========

After the initial screening, a total of 2563 studies were found (254 in Pubmed, 2295 in Science Direct, 13 in Cochrane Library and 1 in Scielo). 99 of these studies were excluded due to duplicity between the databases, 347 because they were books and 540 because they were review articles. From the 1577 remaining studies, 876 were excluded after a title evaluation. Next step was to read the abstracts. After applying the aforementioned exclusion and inclusion criteria, a total of 327 articles were excluded. Therefore, 374 articles were reviewed in their entirety in which 341 were excluded because they failed to fit into our inclusion criteria as a great number of these studies used curcumin supplementation with other drugs and the experimental study was performed in models other than those proposed. Finally, a total of 32 articles were included in this review. The systematic procedure for selecting the articles is demonstrated through the flowchart depicted in [Fig. (**1**)](#F1){ref-type="fig"}.

Regarding the main findings and general characteristics of these 32 studies, the oldest publication was from 2007 and all 32 articles were published in international journals. Different experimental designs were used in these articles, where 19 *in vitro* studies showed similarities in the methodology used. Seven of these studies were actually performed *in vivo* and most of them (6) performed *in vitro* and *in vivo* cell culture after conducting the behavioral tests. In addition, 7 studies evaluated the effect of curcumin administration on the production of ROS.

Cellular models varied among the studies, where human SH-SY5Y cells (9), PC12 cells (3), Wistar rats (5), Sprague-Dawley rats (6), as well as APPsWe/PS1 (6) and C57BL/6j mice (3) models were used. As for the number of hours or days of curcumin treatment, the *in vivo* studies varied from 5 days to 6 months, whereas the *in vitro* studies were performed for 24-48 hours and the ones that performed both *in vivo* and *in vitro* studies conducted for 7 days - 3 months. As for the number of groups, the *in vivo* studies used 3-12 groups, whereas the *in vitro* ones used 4-12 and the studies that performed both *in vivo* and *in vitro* used 3-8 groups.

The amounts of the curcumin used in the *in vitro* studies varied between 0.1 and 200 μL and between 7.5 and 400 mg for the *in vivo* studies, where they were all administered intraperitoneally.

3.1.. Summary of the Studies {#sec3.1}
----------------------------

In brief, the main results of the articles can be summarized as follows:

### A.. In Vitro Studies {#secA}

A total of 19 studies performed analysis of the mechanism of action of curcumin *in vitro*. Three of them show that curcumin attenuates beta-amyloid-induced PC12 cell neurotoxicity through inhibition of oxidative stress, intracellular calcium levels and hyperphosphorylation of tau protein \[[@r35]\], oxidative damage and inhibition of Aβ \[[@r36]\], thereby reducing the cytotoxicity caused by this protein, through mechanisms of suppression of apoptosis by inhibition of ROS and regulation of ERK cascade. In addition, curcumin pretreatment reversed deregulation of the two pathways MAPK and AKT, as well as improved the number and cell morphology \[[@r37]\].

Seven studies have analyzed the action of curcumin on SH-SY5Y cells, pointing out that curcumin reduces the Aβ insertion in the membrane by directly attenuating its toxic interactions and reducing its breakdown \[[@r38]\]. In addition, it was found that the protective action of curcumin on the decrease of Aβ production occurs through the inhibition of GSK-3-mediated activation of PS1 \[[@r39]\]. In agreement with these findings, a study by Huang *et al*. (2012) also found that curcumin regulates total expression of GSK-3β and phospho-Ser9, further inhibiting Aβ depolarization and suppressing proteins related to mitochondrial apoptosis (cytochrome c, caspase-3 and Bax), normalizing the action of the cellular antioxidant enzymes (SOD and catalase) \[[@r40]\].

In congruence with the findings of Park *et al*. (2008), Huang *et al*. (2015) showed that curcumin acts by reducing the level of intracellular calcium \[[@r41]\]. In addition, according to these authors curcumin is able to attenuate the elevation of the glutamate/GABA levels and reduce the activation of the NMDA receptor, and CREB and ATF-1 protein levels. Curcumin has also been shown to reduce mitochondrial dysfunction while maintaining biogenesis and synaptic activity \[[@r42]\]. The neuroprotective effect of curcumin is also possibly membrane-mediated, since its administration reduced the extent of membrane permeabilization induced by Aβ aggregates \[[@r43]\]. A study of Yin *et al*. (2012) found that the cytoprotection conferred by curcumin on SH-SY5Y cells transfected with APPswe is mediated by its ability to regulate the balance between heme oxygenates 1 and 2, besides to protecting cells against the cytotoxicity caused by H~2~O~2~ \[[@r44]\].

Two studies analyzed the mechanism of action of curcumin in SK-N-SH cells \[[@r45], [@r46]\]. After incubation with Aβ41-42, curcumin prevented the damage caused by Aβ by the regulation of the expression MAP-2 (Protein associated with microtubule 2), it acted on the cellular morphology, including the growth, extension and number of neurites, which were significantly modified after treatment \[[@r45]\], besides regulating the expression of hTERT \[[@r46]\].

### B.. In Vivo Studies {#secB}

Three studies have analyzed the action of curcumin in cortical neurons *in vivo* \[[@r47]-[@r49]\], evidencing that it has a protective effect on pre-frontal cortical neurons against Aβ cytotoxicity. In addition, regulation of both AKT and caspase-3 are involved in the protective effects induced by curcumin \[[@r47]\]. Furthermore, it safeguarded neurons from the toxicity process, improved membrane potential and decreased ROS amount, inhibiting apoptotic cell death, as well as activated SIRT1 expression and decreased Bax expression. The study by Zhang *et al*. (2010) observed the action of curcumin on several cortical cell lines, acting on levels of Aβ 40 and Aβ 42, which decreased significantly in comparison to control in all cell models, besides attenuating maturation of APP \[[@r50]\]. Two studies have observed the action of curcumin on hippocampal cells, also demonstrating that it reduces ROS levels in cells of Sprague-Dawley rats \[[@r51]\], regulates the expression of caspase-3 and inhibits the levels of protein cyclin D1 with abnormal activation in Wistar rat cells \[[@r52]\]. Curcumin also prevented the development of microglial inflammatory response by abolishing interleukins (IL-1) and (IL-6) and TNF-α in cells of neonatal rats \[[@r53]\].

Three studies evaluated the action of curcumin in Sprague-Dawley rats, inhibiting the activation and expression of GFAP in the hippocampus and generating a significant improvement in the spatial memory capacity of the animals \[[@r54]\], as well as reduced learning and memory deficits in the AD model through a mechanism that may involve the suppression of CRMP-2, its hyperphosphorylation and/or its positive regulation mediated by axonal regeneration \[[@r54]\], acting on cognitive deficits related to AD and positively regulating ERK-BDNF signaling in the hippocampus \[[@r26]\]. Three studies performed *in vivo* analyzed transgenic mice transfected with the APPswe/PS1dE9 gene, showing that curcumin can prevent and reduce amyloid deposition and partially restores dendritic abnormalities \[[@r33]\], also decreasing InR and IRS-1 expression in the CA1 area of ​​the hippocampus \[[@r55]\]. Furthermore, it has been observed that the reduction of Ab aggregation occurs through mechanisms that inhibit its PS-2 production and/or accelerate its clearance through the enhancement of degrading enzymes (insulin and neprilysin) \[[@r56]\]. A similar mechanism was observed in neonatal Wistar rats, pointing an action at the synaptic level \[[@r57]\].

### C.. In vitro and in vivo Studies {#secC}

Six studies investigated the action of curcumin in both *in vivo* and *in vitro* models, which four were performed in experimental models with transgenic mice (three with models transfected with the APPswe/PS1dE9 gene and one resulting from a cross between 5 x transgenic male rats FAD cross-linked with female C57BL/6J mice), which observed that the action of curcumin resulted in improvements in the amount, structure and function of synapses, indicating that this occurs through the regulation of synaptic proteins PSD95 and Shank1 \[[@r58]\], significantly reducing the expression of Aβ40-42 and ADDL in the hippocampus of transgenic double mice \[[@r59]\]. One of these studies worked with a model of transgenic mice expressing the mutant AβPP695 and APPswe/PS1dE9, showing a reduction in the activation of microglia and astrocytes, as well as the production of cytokines, inhibiting the NF-κB pathway. In addition, it increased PPARy transcriptional activity, also attenuating memory deficits in behavioral tests \[[@r60]\]. Another transgenic mouse model was also established, resulting from cross-linking between 5 x FAD and C57BL/6J, in which Aβ production was reduced by decreasing BACE1 expression, preventing synaptic degradation and improving spatial learning and memory \[[@r61]\]. Moreover, two studies have observed the action of curcumin on nanoparticles acting on the protection, preservation and rescue of human neuronal cells against oxidative damage \[[@r62]\], thus reversing the limitations in memory and learning in an experimental model of AD type phenotypes \[[@r63]\]. A more detailed analysis of these results is depicted in Table **1**.

In summary, the reviewed papers evidenced that curcumin reverses neurotoxic damage by preventing beta-amyloid aggregation and tau protein hyperphosphorylation, as well as oxidative stress, apoptosis and inflammation. In addition, the studies show that curcumin prevents behavioral disorders by improving memory capacity and cognitive deficits in animals with AD. Curcumin can also plays its protective role by decreasing ROS levels in neurons.

4.. Discussion {#sec4}
==============

AD has several implications for individuals and society, where the understanding of its neurochemical and behavioral mechanisms, as well as the performance of natural compounds that have been tested in *in vivo* and *in vitro* models, is detrimental. In this study, we reported the use of curcumin in 32 studies that investigated its use in *in vitro* and *in vivo* models for AD, which demonstrated promising results.

Extracellular deposits of the beta-amyloid peptide and the intracellular accumulation of hyperphosphorylated tau protein are the major hallmarks of AD \[[@r40]\]. As previously reported in the literature \[[@r64]\], experiments performed *in vivo* and *in vitro* with AD models (Table **1**) show that Aβ plays a causal role in the pathogenesis of AD. Aβ accumulation leads to the formation of senile plaques, as well as to the activation of oxidative damage to the neuron, neuroinflammation, apoptosis and cognitive deficits \[[@r26], [@r40], [@r65]\].

*In vitro* studies have shown that curcumin protects neuronal cells from beta-amyloid damage by inhibiting oxidative damage. Evidence shows that neurotoxicity induced by intracellular Aβ is partially caused by the increased production of ROS, which leads to oxidative stress \[[@r66]\].

Oxidative stress might influence Aβ production through interaction with amyloid precursor protein \[[@r67]\]. Indirectly, oxidative stress can also influence Aβ production by modulating the activity and levels of both β- and γ-secretase \[[@r67], [@r68]\]. Previous reports have shown that curcumin treatment in *in vivo* and *in vitro* experimental models resulted in decreased production of Aβ42 protein by decreasing the production of β-secretase 1 \[[@r37]\] and by reducing the expression of γ-secretase and presenilin-2, as well as by increasing the expression of β-amyloid-degrading enzymes \[[@r35]\].

As shown in Table **1**, several studies investigated the ability of curcumin in eliminating free radicals, where it significantly reduced the ROS and suppressed apoptosis after its supplementation \[[@r40], [@r44], [@r48], [@r51], [@r62], [@r69]\]. One of the mechanisms involves a decrease in the toxicity and formation of ROS due to the ability of curcumin in potentiating the cellular defense system, increasing the activity of superoxide dismutase and catalase \[[@r40]\]. In addition, it has been shown that curcumin induces cell protection by attenuating the cytotoxicity caused by H~2~O~2~ \[[@r70]\].

The generation of free radicals by Aβ increases lipid peroxidation, protein oxidation \[[@r71]\] and DNA damage \[[@r72]\], but decreases the activity of antioxidant enzymes such as superoxide oxidase and catalase \[[@r73]\]. In addition, tissues obtained post-mortem from AD patients confirmed oxidative damage induced by Aβ \[[@r74]\].

These results corroborate the findings of Park *et al*. (2008) as they hypothesize that curcumin treatment may play a protective role through the reduction of ROS levels in cultured neurons by a significant regulation of superoxide oxidase and catalase activities, with consequent inhibition of oxidative damage, as well as a decrease of DNA damage \[[@r35]\]. This study also evaluated the elevation of intracellular calcium, as it is introduced by extracellular sources into primary neurons, such as cortical and hippocampal neurons, which seems to mediate Aβ-induced neurotoxicity \[[@r55], [@r75]\]. Other mechanisms are also involved in the protective effect of curcumin as the group treated with Aβ and curcumin showed considerably lower levels of extracellular H~2~O~2~ and intracellular ROS in comparison with the group treated with Aβ alone \[[@r40]\]. In addition, this study showed that curcumin had much stronger capacity for removal of O~2~ anion than that of trolox in a free cell solution.

ROS produced from the cellular energy machinery may in turn act at different levels and impair mitochondrial function, activating the caspase family proteins and causing loss of mitochondrial membrane potential as well as deregulation of the MAPKs and AKT pathways \[[@r47]\]. As previously reported, exposure of cells to 10μl of Aβ for 24 hours significantly activated caspase-3, 8 and 9, whereas pre-treatment with curcumin attenuated its activations and regulation of p38, MAPK and AKT pathways \[[@r62]\]. Similar results were also observed regarding the protective effect of curcumin in regulating the activity of these pathways \[[@r18], [@r70]\]. Corroborating with these studies, Qin and co-workers (2010) also showed a protective effect of curcumin resulting from the neutralization of caspase-3 and AKT \[[@r47]\].

A wide variety of TNF-activating cell signaling pathways, including JNK, MAPK, and PI3K AKT, have shown to be regulated by curcumin. Thus, curcumin can bind or directly block TNF production and be involved in pro-inflammatory pathways related to most chronic diseases \[[@r76]\]. The proposed mechanisms for above cited studies, concerning the pathophysiology of the AD and neuroprotective action of the curcumin, are depicted in [Figs. (**2**](#F2){ref-type="fig"} and [**3**](#F3){ref-type="fig"}), respectively.

Oxidative stress may also influence the production of Aβ in which interacts with amyloid precursor protein \[[@r77]\]. Genetic studies of AD revealed a complex and strong genetic etiology. Four genes were identified as the cause of AD, which begins early with complete penetrance of amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) or through an increase in the susceptibility to late onset of AD with partial penetrance (APOE) \[[@r49]\].

These studies corroborate with Wang *et al*. (2014), when the performance of curcumin in an AD model was evaluated.

The authors observed that curcumin decreased the ratio of mature APP to immature APP when comparing with the control group \[[@r56]\]. They also investigated whether curcumin was able to alter plasma membrane levels of APLP2, which is a homolog of the APP protein. However, no differences were found in the levels of APLP2 (amyloid precursor protein type 2) among cells treated with curcumin when compared to those of the control \[[@r56]\].

*In vivo* studies have also shown the protective effect of curcumin in tests that evaluated behavioral activities in mice, where most of these studies used Morris aquatic labyrinth test, which is a well-established behavioral test for assessing memory and learning \[[@r78]\]. The study conducted by Wang *et al*. (2014) using the Morris water maze test found that there is an obvious difference in the rat search strategies, where the time taken to find the platform decreased in response to training. Three months after treatment with curcumin, the animals spent much less time finding the platform at day 5 in comparison with the mice in the control group \[[@r56]\].

In addition, Wang *et al*. (2013) reported that although the spatial memory capacity of the curcumin treated group was lower than that of the simulated control group, it was significantly higher than that in AD \[[@r54]\]. While Zhang *et al*. (2015) demonstrated that spatial learning acquisition was obviously impaired in Aβ1-42-treated rats compared to the treated and control groups after 10 days of training. They reported that chronic curcumin treatment improves cognitive function and promotes the expression of BDNF and phospho-ERK in the hippocampus \[[@r26]\].

Neurotrophin BDNF plays the role of regulating diversified neuronal structure and function in the development of the adult CNS and has emerged as one of the most important signaling molecules for the development of the nervous system, impaired nervous system and multiple diseases including AD \[[@r79], [@r80]\]. In fact, it has been reported that BDNF plays a critical role in neuronal survival, synaptic plasticity and memory \[[@r80]\].

Although the aforementioned properties of curcumin indicate its potential use as an adjuvant treatment for AD, a factor that limits curcumin therapy is its poor bioavailability, which is due to intestinal and hepatic glucuronidation. Shoba *et al*. (1998) demonstrated the effect of curcumin (2g) when administered associated with piperine (20mg), where the latter significantly increased the serum levels of curcumin, improving its bioavailability by 2000% \[[@r81]\]. Moreover, no toxicity was reported within the subjects (*n*=10) who participated in this study. Similarly, Suresh and Srinivasan (2010) used a concentration of 500mg/kg of curcumin, co-administered orally with 20mg/kg of piperine, resulting in higher amounts of curcumin in the brain \[[@r82]\].

Other strategies to improve the release of curcumin have been investigated such as the use of nanocapsules. As shown in Table **1**, NanoCurc™ consists of curcumin-loaded nanoparticles with improved ability to cross the BBB and enhance curcumin's activity against ROS-mediated neuronal damage in both human cell culture and animal models \[[@r51]\]. Another study reported that the use of curcumin loaded into lipidic nanostructures (NLC-Cur) resulted in significantly higher bioavailability in the brain in both *in vitro* and *in vivo* models. This study was performed with the purpose of treating brain cancer, where the results showed that by loading curcumin into lipidic nanostructures an increasing in drug's efficiency from 19.5% to 82.3% was achieved \[[@r83]\].

Clinical studies were conducted to evaluate the cognitive potential of curcumin in both healthy elderly and AD patients. A randomized, double-blind, placebo-controlled study was conducted with 60 elderly individuals aged between 60 to 85, using 400 mg of curcumin per day for one month, where the mood, cognition and blood markers were evaluated. The results showed that curcumin administration improved attention and working memory after acute administration while it improved working memory and mood after chronic administration \[[@r84]\].

However, some studies that investigated the supplementation of curcumin to AD models showed no significant effects \[[@r85], [@r86]\]. One of the reasons that may explain the unsatisfactory results is the curcumin's low bioavailability and its form of delivery \[[@r87]\], which impair curcumin's ability to be delivered to the brain at concentrations sufficient to provide the expected benefits.

A study conducted by Hishikawa *et al*. (2001) with three patients with advanced-stage AD, investigated the use of 100 mg of curcumin co-administered orally for 12 weeks with an acetylcholinesterase inhibitor \[[@r87]\]. The three elderly patients presented reduction of anxiety, agitation and irritability. One of the patients also improved the MMSE score. Thus, the study suggests that curcumin acts as an adjuvant in the treatment of AD and that it can provide beneficial effects even in the more advanced stages of AD. In addition, epidemiological evidence shows that the daily intake of 80 to 200 mg of curcumin by the Indian population might be responsible for the lower incidence and prevalence of AD in this country \[[@r88]\].

Curcumin also presented a benefic effect against glutamate excitotoxicity \[[@r89]\], especially on the expression of Brain-Derived Neurotrophic Factor (BDNF), since pretreatment of neurons with this substance reversed the BDNF expression and cell viability in a dose- and time-dependent manner \[[@r90]\].

Transgenic mice (Tg) models are well documented in the literature \[[@r91]\]. The main studies with transgenic animals involving curcumin are focused on the expression of the APPswe/PS1dE9 genes and crossing between 5 x FAD transgenic male animals and C57BL/6J females. The animal model used in these studies has a higher Ab42/40 ratio possibly due to the PS1 mutation \[[@r92], [@r93]\], which is a gene established to induce AD ​​and accelerate the deposition of Aβ \[[@r76], [@r77]\]. In the 5x FAD transgenic model, Zheng *et al*. (2017) co-express five familial AD mutations (APPK670N / M671L + V717I + I716V and PS1 L286V + M146L) \[[@r61]\]. This study demonstrated that at 4 months, the mice developed cerebral amyloid plaques and at 6 months of age they began to exhibit memory deficits due to changes in hippocampal formation. In order to observe the action of curcumin on cognitive impairment, it was administered intragastrically for 2 months, with the findings indicating that its mechanisms of action attenuate impairment of learning and memory, by preventing structural damage to synapses and inhibition of Aβ accumulation and deposition, especially Aβ1-42 in the brain by regulating the expression of BACE1 \[[@r61]\].

Conclusion
==========

The administration of curcumin demonstrates to be effective for the treatment of AD, as the *in vivo* and *in vitro* studies show. These studies help to elucidate the mechanism of action of curcumin, where they suggest that it partially reverses the neurotoxic and behavioral damages in animals with AD and other cell lines. However, there are still limitations in the response to treatment in humans which seems to be due to the poor bioavailability of curcumin and to its limited ability to cross the BBB and reach the central nervous system. Finally, curcumin therapy may lead to more effective clinical studies for the prevention of beta-amyloid aggregation, oxidative stress inflammation and neurotoxicity associated with AD. Incorporation of curcumin into nanoparticulate systems or its association with piperine are important alternatives to improve drug's therapy. It is suggested that further long-term clinical studies with new doses and elaborated strategies to improve bioavailability and permeability towards the CNS need to be conducted.
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![Flowchart showing the selection process of the studies used in this review.](CN-17-406_F1){#F1}

![Schematic drawing showing proposed mechanisms of action on Alzheimer's disease (AD). Stage **A** shows a neuronal cell with pathological characteristics of AD, with formation and aggregation of β-amyloid protein and hispanphosphorylation of tau protein. A sequential action between the activity of these proteins, potentializing the toxicity and cell stress, make dendrites become less branched as a result of deregulation with increased ROS and free radicals by the mismatching of at least one electron in its outer orbitals. Step **B** represents the mitochondrial dysfunction generating a decrease of the enzymes of the cellular antioxidant defense system with the exception of SOD (superoxide dismutase) which is high. Then the superoxide anion (O~2~^-^) is converted to hydrogen peroxide, which can be converted into hydroxyl ion that activates lipid peroxidation. Stage **C** shows the cytochrome C enzyme activating Apaf-1 (Activation factor of apoptosis 1) that in turn activates the procaspases, which, in turn, later activate effector caspase 3, resulting in apoptosis. In stage **D**, cellular hyperactivation occurs due to excessive Ca^+2^ influx causing excitotoxicity. Beta amyloid is formed by the action of PPA (amyloid precursor protein) and by the breakdown of its molecule by BACE (Beta secretase), then the BACE product is also cleaved by y-secretase resulting in formation of AB42 (Amyloid toxic) which culminates in senile plaques, deregulation of the MAPK (Mitogen Activated Protein Kinase) and AKT (Family of Protein Kinase) pathways also occurs. In step **E**, glial hyperactivation occurs in the hippocampus, indicating neuroinflammation.](CN-17-406_F2){#F2}

![Schematic drawing showing proposed mechanisms of action of *Curcuma longa* (curcumin). Curcumin action reversing mechanisms in AD. In stage **A** curcumin binds beta amyloid plaques significantly reducing their formation and avoiding the hyperphosphorylation of the tau protein, avoiding the toxicity and cellular stress, then the dendrites of the neurons remain branched and there is a decrease in the production of ROS and free radicals by electron mismatching. In step **B**, curcumin prevents mitochondrial dysfunction as it acts by enhancing the action of enzymes of the antioxidant defense system SOD, catalase and GSH that converts the hydrogen peroxide to H~2~O and O~2~ avoiding lipid peroxidation. In step **C**, curcumin works by inhibiting the apoptotic pathway, represented succinctly as these were evaluated in the reviewed studies, so curcumin is seen to reduce BAX channel activation, which accelerates programmed cell death and increases Bcl-2 regulation, and is repressive of apoptosis. In addition curcumin prevents hyperactivation of Apaf-1 and subsequent activation of procaspases that activate effector caspase 3. In **D** curcumin prevented hyperexcitation caused by excessive intracellular Ca^+2^ influx, inhibiting the formation of B-amyloid by APP and avoiding the deregulation of the MAPK and AKT pathways, reducing hyperexcitation. Stage **E** shows significantly reduced glial hyperactivation in the hippocampus, reducing neuroinflammation.](CN-17-406_F3){#F3}

###### 

Studies that investigated the use of *Curcuma longa* in both *in vivo* and *in vitro* models for Alzheimer's disease.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Refs.**    **Experimental Model**                                                                                                     **Experimental Groups and Curcumin\'s Dose**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                **Main Findings**
  ------------ -------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \[[@r35]\]   Rat pheochromocytoma cells - PC12\                                                                                         For each treated group, two slides were prepared and then 50-100 cells were randomly selected. For each analysis, different groups were used such as control, curcumin administered with or without Aβ (0.1, 1, 10, 50μl) and Aβ alone (10, 25 and 50μl). α-tocopherol was used as positive control (4, 20 and 100μl). PC12 cells were pretreated with different concentrations of curcumin for 1 h and then incubated with or without Aβ for 24 h.                                                                                         Pre-treatment with 5 μg/mL and 10 μg/mL of curcumin increased the viability of PC12 cells against cytotoxicity. This study indicated that curcumin attenuates Aβ-induced PC12 cell neurotoxicity through inhibition of oxidative stress, intracellular calcium levels and hyperphosphorylation of tau protein.
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r47]\]   Cortical neurons of Sprague-Dawley rats\                                                                                   This study was designed using six groups: Control group, Aβ induced group and groups treated with 1, 10, 20 and 50 μg/mL of curcumin, over 7 days.                                                                                                                                                                                                                                                                                                                                                                                          Curcumin may play a protective effect on pre-frontal cortical neurons against induced Aβ cytotoxicity. In addition, both AKT and\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             caspase-3 are involved in the protective effects induced by curcumin.

  \[[@r49]\]   Different lineages and cortical neurons/APP: Human neuroglioma cells, rat neuroblastoma and Chinese hamster ovary cells\   Different concentrations of curcumin (1, 2.5, 5, 7.5, 10 and 20 μL) were investigated in this study after 24h, where several cell models were used.                                                                                                                                                                                                                                                                                                                                                                                         Treatment of primary cortical neurons with different concentrations of curcumin demonstrated that the levels of both Aβ40 and\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Aβ42 significantly decreased when compared\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      to control in all cell models. In addition, curcumin administration was able to reduce APP maturation.

  \[[@r45]\]   SK-N-SH cells\                                                                                                             This study used a control as well as 10 μg/mL of 6 curcumin derivatives (Cur1, Cur2, Cur3, Cur4, Cur5, Cur6). Aβ1-42 (10 μg/mL) was further added as a damaged cellular model. The cells were incubated for 24 hours with Aβ41-42.                                                                                                                                                                                                                                                                                                          The neuroprotective effect of curcumin and curcumin derivatives does not only depend directly on their particular chemical properties, but they can withstand Aβ damage by the\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             regulation of MAP-2 expression. It is suggested that curcumin and Curl may be considered\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      as an ideal therapeutic association for the\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      treatment of AD.

  \[[@r39]\]   Human SH-SY5Y neuroblastoma cells transfected with APP\                                                                    Several groups were tested: Control; Curcumin at 0.1, 2.5, 5.0 and 20.0 μM for 24 hours or at 5.0 μM for 0, 12, 24 and 48 hours. AD models were obtained through lesions induced by Aβ40 and Aβ41                                                                                                                                                                                                                                                                                                                                           Treatment with curcumin decreased both\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Presenilin 1 (PS1) and GSK-3 mRNA levels.\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      In addition, curcumin increased the inhibitory phosphorylation of GSK-3 protein on Ser 9. Therefore, this study suggests that curcumin decreases AB production through inhibition\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      of GSK-3-mediated activation of PS1.

  \[[@r40]\]   PC12 cell line dervided from rat pheochromocytoma\                                                                         For the group lesioned with Aβ, cortical neurons were cultured for\                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Curcumin showed a protective effect on neuronal oxidative damage when added to\
               *In vitro*                                                                                                                 24 or 48 hours in culture medium at 5μL of Aβ. For the treated groups, neurons were incubated at 5, 10 and 20μM of curcumin for 24 hours with or without Aβ, where the same concentration of DMSO was used as vehicle control and Trolox, a vitamin E analogue, was used as positive control.                                                                                                                                                                                                                                               Aβ cultured neurons. The ability of curcumin\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      in eliminating free radicals and in inhibiting\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      the formation and aggregation of Aβ,\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      prevented the oxidative damage\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      caused by the latter.

  \[[@r36]\]   Human SH-SY5Y neuroblastoma cells\                                                                                         Four groups were tested: 1: Control group; 2: Aβ40 treated group; 3: Curcumin (5μM) pre-treatment prior to treatment with Aβ; 4: Curcumin (10μM) pretreatment prior to treatment with Aβ. The experiment protocol followed the treatment with Aβ for 24 hours and curcumin for 4 hours.                                                                                                                                                                                                                                                     Curcumin protected cells against damage to mitochondrial energy metabolism induced by Aβ through inhibition of its depolarization and suppression of proteins related to mitochondrial apoptosis (cytochrome c, caspase-3 and Bax). Curcumin also normalized cellular antioxidant enzymes (SOD and catalase) in both\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             expression and activity, which lead to a\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      decrease in the levels of oxidative stress. In addition, it also regulated total expression\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      of GSK-3β and phospho-Ser9.

  **Refs.**    **Experimental Model**                                                                                                     **Experimental Groups and Curcumin\'s Dose**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                **Main Findings**

  \[[@r44]\]   The APPswe plasmid was transfected into the SH-SY5Y neuroblastoma cell line\                                               Cells were treated in group 1 with curcumin at 0, 1, 2.5, 5.0 and 20.0 μM (for 24 hours) or with curcumin at 5.0 μM for 0, 12, 24 and 48 hours. Group 2: Cells transfected with APPswe; Group 3: Cells transfected with APPswe and treated with curcumin at 5μM. Group 4: cells transfected with APPswe and treated with 5μM curcumin and LY294002; Group 5: Cells transfected with APPswe and treated with 5μM\                                                                                                                            The results indicated that the cytoprotection induced by curcumin on SH-SY5Y cells transfected with APPswe was due to its ability to regulate the balance between heme oxygenase 1 and 2 *via* the intracellular PI3K/Akt/Nrf2 signaling pathway. In addition, curcumin showed to protect cells from cytotoxicity caused by H~2~O~2~.
               *In vitro*                                                                                                                 curcumin, LY294002 and Nrf2siRNA; Group 6:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                          cells transfected with APPswe and treated with LY294002; Group 7: cells transfected with\                                                                                                                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                          APPswe and treated with LY294002 and Nrf2siRNA.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r51]\]   Primary neurons of the hippocampus of Sprague-Dawley rats\                                                                 The study groups were control, beta-amyloid group and groups treated with different concentrations of curcumin: 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 μL. Cells were treated for 7 days in culture.                                                                                                                                                                                                                                                                                                                              The findings suggest that ROS mediate the toxicity of intracellular beta-amyloid and that curcumin may play a protective role by lowering the levels of ROS in neurons. The study indicated that curcumin may be beneficial for the treatment of AD.
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r52]\]   Wistar rats hippocampal cells\                                                                                             6-8 days old animals were used in this study, which was divided into the following groups: Aβ25-35\                                                                                                                                                                                                                                                                                                                                                                                                                                         The results suggest that curcumin has a protective effect against the toxicity of Aβ25-35, regulating caspase-3 expression and inhibiting cyclin D1 protein with abnormal activation.
               *In vitro*                                                                                                                 control group, curcumin 1μM (Aβ + Cur 1μM), curcumin 5μM (Aβ + Cur 5μM) and curcumin 10μM (Aβ + Cur 10μM). Neurons were treated with Aβ at a concentration of 40 μg/mL.                                                                                                                                                                                                                                                                                                                                                                     

  \[[@r38]\]   Cultured human neuroblastoma cells SH-SY5Y\                                                                                A 40 μM aliquot of Aβ40 in the presence of 0, 0.5, 2.5 and 5 μM of curcumin (for DMPG spreading) or 40 μM of Aβ40 alone (for DMPG/DMPC or DMPG blends/curcumin spreading solutions) were used\                                                                                                                                                                                                                                                                                                                                              Curcumin reduced Aβ-induced toxicity through a novel mechanism of neuroprotection by decreasing Aβ insertion in the membrane, which directly attenuates its toxic interactions, further reducing membrane rupture and decreasing the extent of insertion of Aβ in anionic lipid monolayers.
               *In vitro*                                                                                                                 in this study. Cultivation ocurred between 7 and\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                          10 days.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  \[[@r57]\]   Adult Wistar rats\                                                                                                         The animals were divided into 8 groups: (1) Control, (2) treated with free curcumin (Cur group) and (3) treated with curcumin-loaded lipid core nanocapsules (Cur-LNC group). Aβ-treated animals (1-42) were randomly divided into the following groups: (4) untreated (Group Aβ), (5) treated with free curcumin vehicle (Aβ Veh group), (6) treated with blank lipid core nanocapsules (Aβ B-LNC group), (7) treated with free curcumin (group Aβ Cur) and (8) treated with curcumin-loaded lipid core nanocapsules (Aβ-Cur-LNC group).   Curcumin administration was effective in preventing behavioral deficiencies, neuroinflammation and tau hyperphosphorylation, as well as cellular signaling disorders. Cur-LNC showed similar neuroprotective results in a 20-fold lower dose compared to the effective dose of free curcumin. The data suggests that curcumin is a potential therapeutic agent for neurocognition.
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r48]\]   Cortical neurons of Sprague-Dawley rats\                                                                                   After 7 days of culture, the neurons were treated with curcumin (1, 5, 10, 25 and 50 μM) and compared\                                                                                                                                                                                                                                                                                                                                                                                                                                      The pre-treatment with curcumin protected neurons from toxicity, improved membrane potential and decreased ROS, resulting in inhibition of apoptotic cell death. In addition, curcumin was found to activate SIRT1 expression and decrease Bax expression. The protective effect of curcumin was blocked by SIRT1 siRNA. However, the results suggest that activation of SIRT1 is involved in the neuroprotective activity of curcumin.
               *In vitro*                                                                                                                 to the control groups and to the ones treated with different concentrations of Aβ25-35 (1,5, 10, 25, 50μM) for 24 hours. Another group was pre-treated with curcumin (5-50μM) for 2 hours and then\                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                          incubated in the presence or absence of Aβ25-35 (25μM) for 24 hours.                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  \[[@r46]\]   SK-N-SH cells\                                                                                                             Groups: Control group comprised SK-N-SH cells cultured in normal medium (DMEM/F12 containing 10% FBS); Lesioned group: 10 mg/mL of curcumin and Cur1 were used for 3 days and before the administration of Aβ1-42 (10 mg/mL), followed by incubation for 24 hours.                                                                                                                                                                                                                                                                          Curcumin and Cur1 protected Aβ1-42 cells and regulated the expression of hTERT. In addition, Curl has shown to have stronger protective effects than curcumin. However, when telomerase was inhibited by TERT siRNA,\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             the neuroprotection caused by curcumin and\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      Cur1 were ceased, as the effect depended on\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      both curcumin and Cur1.

  **Refs.**    **Experimental Model**                                                                                                     **Experimental Groups and Curcumin\'s Dose**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                **Main Findings**

  \[[@r41]\]   SH-SY5Y cells\                                                                                                             An injured group comprised Aβ treated cells was cultured in 10 mM Aβ-40 culture medium. For the curcumin treated group, the cells were incubated with curcumin for 4 hours and then incubated with 10mM Aβ-40, where the same concentration of DMSO was used as control. Cells were pretreated with curcumin (0.1mM, 5mM, and 10mM) for 4 hours followed by incubation with 10mM Aβ1-40 for 24 hours.                                                                                                                                       Curcumin induced cell growth and decreased Aβ-induced damage, attenuating the elevation of the cellular glutamate/GABA ratio. It also inhibited the increase of cellular Ca^2+^ and decreased the phosphorylation of both NMDA receptor and the cyclic AMP (CREB). Besides, curcumin decreased the activating transcription factor 1 (ATF-1).
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r53]\]   Neonate rat cells\                                                                                                         Groups: a) Control; b) Curcumin treated (microglia were treated with increasing concentrations of curcumin - 0.01, 0.1, 1, 5, 10 μm); c) Aβ42 (10 μm) alone; d) Aβ42 + curcumin (10 μm). Cells were evaluated over 0, 4, 24 and 48 hours.                                                                                                                                                                                                                                                                                                   Curcumin suppressed the inflammatory responses of brain microglia, abolishing interleukin (IL-1) and (IL-6), tumor necrosis factor alpha (TNF-α). In addition, it showed an inhibitory effect on the phosphorylation of ERK1/2 and p38 in microglia.
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r37]\]   PC12 cells\                                                                                                                PC12 cells (104 cells) seeded in a 96-well plate cultured for 3 days and pre-treated with Curcumin (12.5-200μl) for 0, 1, 3, 6, or 12 hours and/or associated with 2-40 μL of Aβ for an additional 24 hours.                                                                                                                                                                                                                                                                                                                                The results suggest that curcumin suppresses apoptosis by inhibiting ROS-mediated oxidative damage and regulating ERK cascade. In addition, it improves the morphology\
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             and number of cells. Curcumin pre-treatment reversed the deregulation of the two pathways (MAPK and AKT).\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      These results indicate that curcumin supplementation has the potential to reduce Aβ-induced cytotoxicity in PC12 cells.

  \[[@r42]\]   SHSY5Y cells\                                                                                                              Five different groups of cells were used: 1. Untreated SHSY5Y cells; 2. SHSY5Y cells incubated with\                                                                                                                                                                                                                                                                                                                                                                                                                                        The findings suggest that Aβ-incubated cells pre- and post-treated with curcumin reduced mitochondrial dysfunction and maintained viability, biogenesis and synaptic activity. Such protective effects were stronger in pre-treated cells, indicating that curcumin works best as a prophylactic agent in neurons with AD.
               *In vitro*                                                                                                                 Aβ 25-35 (30μM) for 4 hours; 3. SHSY5Y treated\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                          with curcumin (66.3μM) for 24 hours; 4. Aβ-treated SHSY5Y cells for 4 hours + curcumin for\                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                          24 hours; 5. SHSY5Y cells treated with\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                          curcumin for 24 hours and Aβ for 4 hours.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  \[[@r43]\]   Human neuroblastoma SH-SY5Y cells\                                                                                         The groups used in this study were: Control (cultured cells); Cells + Aβ (100μM) and a group co-incubated with curcumin (50μM) + Aβ for 1, 4 or 10 days.                                                                                                                                                                                                                                                                                                                                                                                    Curcumin showed a protective effect against Aβ-induced toxicity by modifying the Aβ aggregation pathway to form non-toxic aggregates. The curcumin's neuroprotective effect is possibly mediated by the membrane as curcumin reduced the extent of cell membrane permeation induced by Aβ aggregates.
               *In vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  \[[@r33]\]   Ratos APPswe / PS1dE9\                                                                                                     Adult male and female APPswe rats/PS1dE9 (7.5-8.5 weeks old) were used in this study. 3 rats were treated with curcumin (7.5mg / kg / day) i.v. for 7 days. 6 groups treated with soluble Aβ (Aβ40, Aβ42, Aβ40/42) alone or in association with curcumin and 6 groups treated with insoluble Aβ (Aβ40, Aβ42, Aβ40/42) alone or in association with curcumin.                                                                                                                                                                                It was found that after daily administration of curcumin, senile and CAA plaques indicated that curcumin crosses the BBB and accumulates near the plaques. These data show that curcumin can reduce amyloid deposition *in vivo* and partially restores dendritic abnormalities, suggesting that such effects may reverse pathological AD symptoms.
               *In vivo*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  \[[@r57]\]   Neonates Wistar rats\                                                                                                      Animals with 6 to 8 days were used. 5 groups: Control, curcumin alone (10μm) for 24 hours and 48 hours, Aβ24, Aβ48 and Aβ48 + curcumin. The animals received a single intracerebroventricular injection of Aβ (1-42) and curcumin alone or as curcumin-loaded-lipid-core nanoparticles (Cur-LNC), given intraperitoneally for 10 days.                                                                                                                                                                                                      The results show the neuroprotective role of curcumin at a synaptic level. The identification of these mechanisms underlying the effects of curcumin may lead to new targets for future therapies toward AD.
               *In vivo*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  \[[@r54]\]   Sprague-Dawley rats\                                                                                                       53 male rats were randomly divided into three groups: a control group, an AD control group and an experimental group treated with curcumin (n = 16 per group). Control group received injection of 10μL of saline solution in\                                                                                                                                                                                                                                                                                                              This study showed that curcumin inhibits the activation and expression of GFAP in the hippocampus. In addition, it significantly improves the spatial memory capacity of rats with AD. The authors concluded that curcumin, based on these pharmacological evidences, may present a new perspective for the treatment of AD.
               *In vivo*                                                                                                                  the hippocampus. The AD control group received\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                          Aβ1-40 injection (10μL) in the hippocampus, whereas the experimental group was injected intraperitoneally with 300mg/kg of curcumin daily for 7 days.                                                                                                                                                                                                                                                                                                                                                                                       

  **Refs.**    **Experimental Model**                                                                                                     **Experimental Groups and Curcumin\'s Dose**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                **Main Findings**

  \[[@r94]\]   Sprague-Dawley rats\                                                                                                       52 male rats were randomly divided into 3 groups: A simulated control group, an AD model group and a group treated with curcumin. 10 μL of saline solution was injected into\                                                                                                                                                                                                                                                                                                                                                               Curcumin improved learning and memory deficits in the AD model through a mechanism that might involve the suppression of CRMP-2 hyperphosphorylation\
               *In vivo*                                                                                                                  the hippocampus, where the same volume of Aβ1-40 solution was also injected. The AD model rats were treated\                                                                                                                                                                                                                                                                                                                                                                                                                                and upregulation of CRMP-2 mediated by axonal\
                                                                                                                                          with 300mg/kg of curcumin or vehicle (DMSO) through\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        regeneration. These findings, together with the proved safety of this compound, suggest that curcumin has\
                                                                                                                                          intraperitoneal injection once daily for 7 days                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             great potential for treating AD.

  \[[@r56]\]   APPswe/PS1dE9 transgenic mice bred from C57/BL6J wild-type mice\                                                           3 months old rats were randomly divided into 6 groups. C57/BL6J wild-type mice were used in the normal control group. In the other 5 groups, APPswe double knockout rats were used. The other 5 groups comprise the normal control group (vehicle), a positive control (10 mg/kg/day of rosiglitazone maleate) and 3 groups treated with different doses of curcumin: A low dose (100 mg/kg/day), a median dose (200 mg/kg/day) and a high dose (400 mg/kg/day). The study was conducted through 3 months.                                  Curcumin reduced Aβ aggregation through multiple mechanisms. This is the first study to demonstrate\
               *In vivo*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              that the administration of curcumin reduces the expression of y-secretase specifically in the PS2\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      subunit, which has been associated with the\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      decrease in the Aβ42 levels.

  \[[@r26]\]   Sprague Dawley rats\                                                                                                       Male rats were treated with different doses of curcumin\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    The findings suggest that the chronic administration of curcumin improves AD-related cognitive deficits as it upregulates ERK-BDNF signaling in the hippocampus. This study might elucidate the mechanism involved\
               *In vivo*                                                                                                                  (50, 100, and 200 mg/kg, i.p., once daily) through a chronic (seven consecutive days, once daily) or acute (single) administration. Saline solution was used as control.                                                                                                                                                                                                                                                                                                                                                                    in the protective effect of curcumin against Aβ-induced cognitive dysfunction.

  \[[@r55]\]   APPSwe/PS1dE9 transgenic rats\                                                                                             Rosiglitazone maleate 10mg/kg/day was used as positive control, whereas curcumin was used at three different concentrations: 400, 200 and 100 mg/kg/days\                                                                                                                                                                                                                                                                                                                                                                                   The treatment with curcumin induced a decrease in the expression of InR and IRS-1 in the CA1 hippocampal area, while the expression of phosphorylated PI3K and AKT increased. The results showed that the curcumin dose of 200 mg/kg/day was the most effective.
               *In vivo*                                                                                                                  during 6 months.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  \[[@r59]\]   APPswe/PS1dE9 double transgenic mice\                                                                                      Animals with 3 months of age were used after 6 months of intervention with curcumin. Rats were randomly assigned to rosiglitazone maleate (10 mg x kg(-1) x d(-1) and curcumin at high (400 mg x kg(-1) x d(-1) 200 mg x kg(-1) x d(-1)) and low dose groups (100 mg x kg(-1) x d(-1)).                                                                                                                                                                                                                                                     Curcumin significantly reduced Aβ40-42 and ADDL expressions in the hippocampus of transgenic mice. In addition, curcumin affected the Aβ cascade reaction by a mechanism of negative regulation expression.
               *In vivo* and *in vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  \[[@r58]\]   Hippocampal cells\                                                                                                         Rats were randomly divided into 6 groups: Wild-type BL6J were used as the control group. APPswe / PS1dE9 double knockout mice were used in the other 5 groups. Only vehicle was used in the model group and rosiglitazone maleate (10 mg/kg/day) was used as positive control. The following doses were used in the treatment with curcumin: low dose curcumin group (LDC) received 100 mg/kg/day, the medium dose of curcumin (MDC) received 200 mg/kg/day and the high dose curcumin (HDC) group received 400 mg/kg/day.                  Treatment with curcumin resulted in improvements\
               from APPswe / PS1dE9 transgenic mice and wild-type\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    in the amount, structure, and function of the synapses. The findings suggest that these positive results must\
               C57/ BL6J mice\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        have occurred through the regulation of the synaptic proteins PSD95 and Shank1.
               *In vivo and in vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  \[[@r61]\]   5x FAD transgenic mice\                                                                                                    Rats were randomly assigned to 3 groups: 1. Treated with\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   The results showed that administration of curcumin\
               *In vivo* and *in vitro*                                                                                                   5x FAD vehicle; 2. Curcumin treated (5x FAD + curcumin\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     (150 or 300 mg/kg/day) dramatically reduced Aβ production by decreasing BACE1 expression, which prevented synaptic degradation and improved spatial learning and memory impairment.
                                                                                                                                          at 150 mg/kg/day); 3. Curcumin treated at 300 mg/kg/day). These agents were administered by intragastric\                                                                                                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                          infusion over 60 days.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  \[[@r62]\]   Athymic rats and SK-N-SH cells\                                                                                            Animals with 6 weeks of age were used in this study. NanoCurc™ (equivalent to a dose of 25 mg/kg of curcumin) were administered to two groups (n = 12), whereas another group received the nanoparticles without curcumin (n = 6). These formulations were administered twice daily intraperitoneally for 4 weeks. Curcumin doses for the\                                                                                                                                                                                                  The results suggest that NanoCurc™ administration\
               *In vivo* and *in vitro*                                                                                                   *in vitro* study were 1 nM, 10 nM, 50 nM, 100 nM, 500 nM,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  protected human neuronal cells from oxidative damage. This nanoparticle formulation was able to cross the\
                                                                                                                                          1 pM, and 5 uM).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            BBB and release significant amounts of curcumin\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      into the rats' brain. Moreover, it has the ability to\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      reduce ROS-mediated damage, both in human\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      cell culture and in animal models.

  **Refs.**    **Experimental Model**                                                                                                     **Experimental Groups and Curcumin\'s Dose**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                **Main Findings**

  \[[@r63]\]   Wistar rats and cultured cells\                                                                                            Free curcumin as well as encapsulated in PLGA\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              The curcumin-loaded PLGA nanoparticles reversed\
               *In vivo and in vitro*                                                                                                     nanoparticles (CurPLGA) were investigated in this\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          memory and learning impairments in an experimental\
                                                                                                                                          study at doses of 0.001, 0.01, 0.1, 0.2, 0.5, 5 and 50μM. Groups used in this study: Control; Aβ + β-catenin\                                                                                                                                                                                                                                                                                                                                                                                                                               model of AD-like phenotypes. It is suggested that\
                                                                                                                                          (0.5 mg/kg); Aβ + β-catenin (20 mg/kg); Aβ; Aβ +\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           curcumin nanoparticles induce neurogenesis by activating\
                                                                                                                                          Cur-PLGANPS (0.5 mg/kg); Aβ + Cur-PLGANPS\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  the canonical pathway of Wnt/β-catenin and may offer a\
                                                                                                                                          (20 mg/kg).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 therapeutic approach for the treatment of neurodegenerative diseases such as AD.

  \[[@r60]\]   APP/PS1 transgenic mice and beta-amyloid-induced neuroinflammation in mixed neuronal/glial cultures\                       Groups: Control, APP/PS1; Curcumin (150 mg/kg) + APP/PS1; Curcumin + APP/PS1 + PPARγ antagonist GW9662.                                                                                                                                                                                                                                                                                                                                                                                                                                     Curcumin administration reduced the activation of microglia and astrocytes as well as the production of cytokines. It also inhibited the NF-κB pathway, suggesting that its beneficial effects might be due to the suppression of neuroinflammation. In addition, curcumin binds directly to PPARγ and increased its transcriptional activity. These findings resulted in significant improvement in memory deficits, where it seems that PPARγ is a potential target for curcumin.
               *In vivo* and *in vitro*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
